A self-generated touch feels less intense than an external touch of the exact same intensity. 10
Introduction 43 Somatosensory attenuation refers to the phenomenon wherein a self-generated touch feels 44 weaker than an externally generated touch of the same intensity. Several behavioral 45 experiments have shown that participants judge a tap or a stoke delivered on their relaxed 46 hand as less intense when the touch is produced by the active movement of their other hand 47 compared to when it is produced externally by a motor Blakemore et al., 48 1999; . Similarly, when participants were asked to match external forces 49 applied to their relaxed index fingers by reproducing the same forces with their other index 50 fingers through bimanual action simulating direct contact between the digits (force-matching 51 task), they produced stronger forces than the ones required; this is because the self-generated 52
forces are being perceptually attenuated (Kilteni et al., 2018;  Kilteni and Ehrsson, 2017b; a; 53 Shergill et al., 2003) . 54 55
Motor control theories suggest that somatosensory attenuation arises from the same predictive 56 processes that the brain uses when planning and executing movements, the so-called internal 57 models. Accordingly, when we perform a movement, the internal model uses a copy of the 58 motor command (i.e., the efference copy) to predict the sensory (including the 59 somatosensory) consequences of our movements. These predictions are then used to 60 compensate for the intrinsic delays in receiving sensory feedback (Davidson and Wolpert, 61 2005; Franklin and Wolpert, 2011; Kawato, 1999 ) but also to attenuate the self-generated 62 somatosensory signals and thus to increase the salience of any externally generated tactile 63 information (Bays and Wolpert, 2007; Blakemore et al., 2000) . The internal models have 64 been suggested to be located in the cerebellum (Shadmehr et al., 2010; Shadmehr and 65 Krakauer, 2008; Therrien and Bastian, 2018; Wolpert et al., 1998) , and neuroimaging studies 66 on somatosensory attenuation have indeed revealed cerebellar activity when comparing 67 conditions that include externally generated touches with those that include self-generated 68 touches (Blakemore et al. 1998 ; Kilteni and Ehrsson Under Review) . 69 70
The importance of the efference copy for somatosensory attenuation is well established within 71 the motor control community. Indeed, all previously mentioned behavioral studies of 72 somatosensory attenuation (Bays et al., 2006 and it is generally assumed that it is the efference copy associated with the voluntary motor 76 commands that is critical for the attenuation phenomenon to occur. However, this assumption 77 has not been directly tested. This is problematic because the experimental conditions that 78 produce somatosensory attenuation not only involve efference copy but also the prediction 79 and the perception of self-touch. For example, in the classic force-matching task, when 80
participants press one index finger against the other and somatosensory attenuation is 81 observed, this includes the efference copy, the prediction of contact between the hands and 82 the perceptual experience from the bimanual interaction. Thus, a parsimonious alternative 83 model for somatosensory attenuation is that the mere prediction and perception of self-touch 84 between two of one's own body parts could be the critical factor that triggers the phenomenon 85
and not the efference copy. 86
87
To the best of our knowledge, the results of all previously published studies on sensory 88 attenuation using bimanual force-matching tasks would be consistent with this alternative 89 view. In line with this, if a distance is introduced between the two fingers that makes both 90 unlikely and non-feasible the physical contact of the digits in the force-matching task, the 91 attenuation is eliminated or significantly reduced (Bays and Wolpert, 2008; Kilteni and 92 Ehrsson, 2017b). Moreover, it is the prediction and perception of self-touch that is important, 93 not the actual contact between the hands; this was demonstrated in experiments where the 94 participants experienced the illusion where a plastic right hand seen to press against their left 95
hand was thought to be their own right hand (rubber hand illusion), which led to an 96 attenuation of the forces even though their real hand was kept at a distance from the right 97
hand (Kilteni and Ehrsson, 2017a) . Furthermore, the stronger the illusion that the participants 98 experienced was, the stronger the attenuation of the self-produced forces. Further support on 99 the importance of the prediction of self-touch can be found in the study of Bays et al. (2006)  100 who observed somatosensory attenuation also when the participants' hands unexpectedly 101 failed to touch each other. All these findings have previously been interpreted in a theoretical 102 model in which the internal model uses both the efference copy and information about the 103 sensory state of the body to compute the likelihood of self-touch and the associated 104 attenuation (Blakemore et al., 2000; Kilteni and Ehrsson, 2017a) (Figure 1) . According to the 105 alternative theory, however, the brain would attenuate self-touch through sensory predictions 106 that are purely based on (i) the sensory state of the body, indicating that one hand is (likely) 107 directly touching the other hand, and (ii) the belief that the touch is caused by this single event 108 of the two own body parts contacting each other (Figure 1) . This generalized predictive 109 mechanism does not consider the efference copy as a prerequisite, and it relates to the 110 predictive coding theory that state that the brain forms predictions based on its prior beliefs 111 and continuously updates them to minimize any error between the predicted and the incoming 112 sensory information (Friston, 2005 (Friston, , 2009 ; Rao and Ballard, 1999) . Moreover, this theory is 113 supported by earlier observations that neural responses become suppressed after the repeated 114 presentation of a stimulus (repetition suppression) or after the presentation of an expected 115 stimulus (for a review see (Grotheer and Kovács, 2016) ). Importantly, this theory would not 116 necessarily speak against the internal models' theory, but it would favor a universal predictive 117 mechanism underlying all multisensory bodily events, including somatosensory attenuation 118 that is not necessarily based on motor signals; the predictions of this mechanism could be 119 more finely tuned when a motor command is available. 120 121 122 copy-based theoretical model, during the active movement of the right hand to touch the left 124 hand, a copy of the motor command discharged to the right hand (the efference copy) is sent 125 to the forward model that predicts the next state (e.g., position) of the right hand as well as the 126 sensory consequences associated with that state (e.g., proprioceptive input). Similarly, the 127 next state of the left hand is predicted, although this should remain motionless. Predicted and 128
incoming information are combined in the state estimation process. If the predicted positions 129 of the two hands are close, touch is additionally predicted and thus the incoming touch is 130 attenuated. According to the alternative hypothesis describing a general predictive mechanism 131 underlying somatosensory attenuation in the absence of the efference copy, during the passive 132 movement of the right hand towards the left hand, there is no motor command and, thus, no 133 efference copy (dark red part is absent from the model). The incoming sensory input (e.g., 134
proprioception) is used in combination with prior beliefs from the forward models ("where I 135 expect my hand to be") to estimate the states of the two hands. The estimated states are fed 136 back to the forward models. As before, if the predicted states of the two hands are close, touch 137 is predicted and the incoming touch becomes attenuated. The present study investigated 138 whether the motor command and thus the efference copy (the part of model denoted by the 139 dark red dotted line) is a prerequisite of this predictive attenuation mechanism to dissociate 140 between these two models. 141 142
Here, we used a psychophysics paradigm ( movements to directly test the hypothesized necessary role of the efference copy in the 145 attenuation of self-touch and thus to distinguish between the two alternative hypotheses 146 discussed above. The passive movement of one index finger to touch the other lacks the 147 efference copy but does involve the prediction and perception of self-touch. Therefore, if 148 somatosensory attenuation is observed only when the touch is produced by a voluntary 149 movement (active movement), this would indicate that the efference copy is necessary and it 150 would speak in favor of the internal models' theory. Alternatively, if somatosensory 151 attenuation is also observed during a passive movement, this would support the generic 152 multisensory predictive model of attenuation. 153 154
Materials and Methods

155
Participants 156
After providing written informed consent, thirty participants (15 women and 15 men, 29 157 right-handed and 1 left-handed) aged 18-39 years participated in the present study. The 158
sample size was decided based on a previous study using the same task . 159
Handedness was assessed using the Edinburgh Handedness Inventory (Oldfield, 1971 In the active movement condition (Figure 2a ), participants were asked to actively tap with 175 their right index finger a force sensor (same specifications as above) placed on top of (but not 176 in contact with) the probe upon an auditory 'go' cue (blue sensor in Figure 2a -c). Participants 177
were asked to tap the sensor after the 'go' cue, neither too hard nor too softly but "as strongly 178
as when they tap the surface of their smartphone". Their active tap on the force sensor 179 triggered the test tap with an intrinsic delay of 36 ms (threshold set to 0.15 N). 180 181
In the passive movement condition (Figure 2b) , participants were asked to rest their right 182 index finger on top of a plastic surface that was placed on top of (but not in contact with) the 183 sensor for the right index finger. Upon an auditory 'go' cue, a servomotor (Hitec HS-81) 184 retracted this surface away, and the participants' right index finger freely fell on the 185 underlying sensor. As before, the passive tap on the force sensor (> 0.15 N) triggered the test 186 tap with a minimal (36 ms) delay. Significant training took place before this condition to 187 ensure that the participants did not resist the action and did not produce any large muscular 188 activity, as well as to confirm that the finger fell freely on the sensor. To minimize the 189 elicitation of any motor reflexes due to surprise, the passive movement condition was 190 designed to be as predictable as possible by retracting the surface always at the same time 191
after the 'go' cue. 192 193 In the no movement condition (Figure 2c) After the end of the three conditions, all participants were asked whether they spontaneously 207 performed motor imagery during the passive movement condition. We asked this question to 208 exclude the putative concern that participants would spontaneously engage in mental 209 simulation in this condition, which would produce somatosensory attenuation through an 210 efference copy-based mechanism (Kilteni et al., 2018 2.25, 2.5 or 3 N). The two taps had a 100 ms duration, and the delay between them was 230 random (800 -1500 ms). On every trial, participants had to verbally indicate which tap on 231 their left index finger felt stronger: the first (test) or the second (comparison). They were told 232 that they should not try to balance their responses (50% first and 50% second) and they were 233 asked to guess when the intensity of the two taps felt very similar. 234
235
For each condition, the participants' responses were fitted with a generalized linear model 236 using a logit link function (Equation 1, Figure 2d ). 237 238 which reflects the participants' sensitivity for the force discrimination. 244 245
During the data collection, trials during which the right index finger was seen not to fall 246
properly were rejected and repeated to reach 70 trials per condition. After the data collection, 247 twenty-six force trials (26 of 6300, 0.4%) were rejected: in five trials, the responses were 248 missing; in three trials, the intensity of the test tap (2 N) was not applied correctly; and in 249 eighteen, the passive movement was not properly performed as instructed. These 26 trials 250
were also rejected from the EMG. Before fitting the responses, the values of the applied 251 comparison taps were binned to the closest value with respect to their theoretical values ( Bayesian factor analysis using default Cauchy priors with a scale of 0.707 was carried out to 287 provide information about the level of support for the alternative hypothesis compared to the 288 null hypothesis (BF 10 ) given the data. Finally, a correlation was tested using Kendall's Tau-b 289 coefficient τ B given that the data were not normally distributed. All tests were two-tailed. that resulted from passive movement (passive movement condition) did not significantly differ 303 from that of the externally generated tap (no movement condition), and the Bayesian analysis 304 indicated that the level of perceived force was similar in the two conditions: paired t-test, n = 305 30, t(29) = 0.26, p = 0.799, CI 95 = [-0.064, 0.083], Cohen's d = 0.047, BF 10 = 0.20. 306
Collectively, these results suggest that only the somatosensory feedback from the self-307 generated taps is attenuated. 308 309 310 0.384, BF 10 = 1.323) showed significantly lower discrimination capacities than the no 327 movement condition. The Bayesian analysis did not provide any conclusive support for the 328 existence of such differences (BF 10 < 2 in both cases) and thus, one should be cautious on 329
interpreting the frequentist analysis. Nevertheless, if these JND differences do exist, they 330
indicate that the movement of the right index finger per se, either voluntary or not, 331
deteriorates the discrimination performance on the left index finger. This because in both 332
active and passive movement conditions, the participants had to direct their attention to both 333 hands (i.e., the movement of the right index and the force discrimination task on the left 334 index), while in the no movement condition, the participants directed their attention only to 335 the left index finger. Another related factor could be the presence of sensory feedback on the 336 right index finger simultaneous to the sensory feedback on the left hand in the movement 337 conditions that could render the task slightly more demanding. 338 339 340 It should be noted that the active and passive movement conditions differed not only in terms 358 of the efferent signals discharged to the right index finger for pressing but also in terms of the 359 afferent somatosensory feedback received from the right index finger; that is, the force that 360 was applied by the sensor to the right index finger, opposite to the pressing force. The 361 participants pressed stronger forces with their right index finger during the active (mean ± sd : 362
1.210 ± 0.790 N) than during the passive movement condition (0.431 ± 0.134 N): Wilcoxon 363 signed rank test, n = 30, V = 455, p < 0.001, CI 95 = [0.441, 0.988], r rb = 0.957, BF 10 > 3145. 364 To rule out the unlikely possibility that passive movements did not produce somatosensory 365 attenuation because of the reduced force and somatosensory feedback from the right index 366 finger, we tested for a relationship between the forces the participants pressed on the sensor 367 (passive tap, Figure 2 ) and their PSEs in the passive condition. As we expected, no 368 relationship was found: n = 30, T = 205, τ B = -0.057, p = 0.671, CI 95 = [-0.279, 0.164], with 369 the Bayesian analysis favoring the null hypothesis: BF 10 = 0.259. We further performed the 370 same analysis with the JNDs; no relationship was found between the JND in the passive 371 movement condition and the somatosensory feedback from the right index finger: n = 30, T = 372 235, τ B = 0.080, p = 0.547, CI 95 = [-0.201, 0.362], with the Bayesian analysis favoring again 373 the null hypothesis: BF 10 = 0.284. 374 375
Next, we analyzed the EMG data to test whether participants were relaxed during the passive 376 movement condition. Figure 6a 1, BF 10 > 4.48 x 10 6 ) and the passive movement condition (Wilcoxon signed rank test, n = 29, 382 V = 435, p < 0.001, CI 95 =[0.046, 0.084], r rb = 1, BF 10 > 3.27 x 10 6 ). The passive movement 383 condition did reveal small EMG activity compared to the no movement condition (Wilcoxon 384 signed rank test, n = 29, V = 394, p < 0.001, CI 95 = [0.0003, 0.001], r rb = 0.811, BF 10 = 385 8.257), but this increase was ≅ 70 times smaller compared to the increase in the active 386 movement condition (Figure 6c) . Thus, we conclude that the participants were able to relax in 387 the passive condition and that the experimental comparison of active versus passive finger 388 movements was successfully implemented in our paradigm. Finally, with respect to the motor imagery question, none of the thirty participants reported 397 performing motor imagery during the passive movement condition. This excludes the 398 possibility that the passive movement condition was confounded with motor simulation and 399 thus with efference copies -a factor that could drive somatosensory attenuation per se 400 (Kilteni et al., 2018) . 401 402
Discussion
403
The present study found that touch applied on a static left index finger gets attenuated only 404 when it results from the active movement of the right index finger, not when it results from 405 the passive movement of the right index finger or when it is applied in the absence of any 406 movement. Specifically, the perceived intensity of a touch that results from the passive 407 movement of the right index finger was comparable to that of an externally generated touch. 408
These findings favor the interpretation based on the internal models and suggest that the 409 efference copy is necessary for the attenuation of self-generated touch. According to this 410 theory, during the active movement condition, a copy of the motor command sent to the right 411 hand (the efference copy) is used to predict the next state (e.g., position) of the hand and its 412 expected sensory consequences associated with that state (Bays and Wolpert, 2008; 413 Blakemore et al., 2000; Wolpert and Flanagan, 2001; Wolpert and Ghahramani, 2000) . Since 414 the predicted end-position of the right index finger falls very close to that of the relaxed left 415 index finger, touch is predicted on this left finger as well (Kilteni and Ehrsson, 2017b) . The 416 actual touch (here, the test tap) is attenuated once it is received since it has been predicted 417 based on the efference copy from the motor command to the right index finger. From a 418
computational perspective, the present study demonstrates that it is the voluntary direct 419 contact of the two body parts that is critical for somatosensory attenuation and not the mere 420 contact or close proximity between the two involved body parts produced by the 421 (active/passive) movement. This supports the internal model theory of sensory attenuation and 422 speaks against the general multisensory predictive hypothesis. 423 424 We first discuss three methodical issues: (i) were the active and passive tasks comparable in 425 terms of performance on the discrimination task and the predictability of touch? (ii) was the 426 passive task free of efference copies? and (iii) could small differences in tactile feedback from 427 the right index finger between the active and the passive movement conditions influence the 428 somatosensory attenuation on the left index? With respect to the first question, it is important 429
to stress that there were no task differences between the active and passive movement 430 conditions that could influence the participants' responses in the force discrimination task. 431
First, the two conditions had similar JNDs, suggesting that the participants' performance 432 sensitivity did not differ between the two conditions (Figures 3 and 4) . Second, we designed 433 the passive movement condition to minimize any surprises and make it as predictable as 434 possible, similar to the active movement condition. Specifically, in the passive movement 435 condition, the platform was always retracted at the same time to facilitate the anticipation of 436 the timing of the hands' contact and to strengthen the causal link between the passive 437 displacement of one finger and the somatosensory input of the other finger -as in the active 438 movement condition. With respect to the sensory predictability, an earlier study on the 439 unloading task (Diedrichsen et al., 2003) showed that anticipatory adjustments are present 440 only when the efference copy is available; in contrast, no adjustments were observed in the 441 absence of a voluntary movement, even when the predictability of the sensory stimulus was 442 high. Therefore, in the present study the absence of attenuation in the passive movement 443 condition suggests that the motor system cannot predict the consequences of an involuntary 444 movement as precisely as those of a voluntary one because of the lack of efference copy. 445 446
With respect to the second question, it is noteworthy that the passive movement condition did 447 yield some muscular activity compared to the no movement condition, but its magnitude was 448 much (approximately 70 times) smaller than the one elicited in the active movement 449
condition. This weak muscular activity in the passive condition could represent reflexes for 450 automatic postural stabilization or stretch reflexes (Doemges and Rack, 1992) rather than 451 voluntary motor commands. Importantly, this interpretation is in line with the fact that we did 452 not observe any reliable somatosensory attenuation in the passive condition. Another related 453 putative concern is that the participants might spontaneously start to imagine active 454 movements in the passive condition. We know that imagery of voluntary self-touch can lead 455
to somatosensory attenuation, presumably by engaging the efference copy when internally 456 simulating the action (Kilteni et al. 2018) . As an extra precaution to rule out this unlikely 457 scenario, we asked our participants to indicate whether they performed motor imagery during 458 the passive movement, and they all denied doing so. Therefore, we can exclude the possibility 459 that participants mentally simulated an active movement in the passive condition (Kilteni et 460 al., 2018) . Thus, we think it is reasonable to conclude that the passive condition was free of 461 efferent copies, at least to the extent that matters for the interpretation of the results. 462 463
The third concern was that the passive movement condition also differed from the active 464 movement condition in terms of the somatosensory feedback received from the right index 465 finger because the subjects pressed smaller forces with their right index finger in the passive 466 compared to the active movement condition. We did not find any evidence that this reduced 467 feedback could hinder somatosensory attenuation during passive movements. Further 468 evidence comes from a previous somatosensory attenuation study that used the same 469 psychophysics task as the present study; in the study of Bays et al. (2005) participants did not 470 move their right index finger but they received a tap from an upward force pulse at the same 471 time they received the tap on their left index finger that was of similar magnitude. Despite the 472 enhanced somatosensory feedback, the participants did not show any attenuation. Moreover, 473
an earlier study on the force-matching task found no effect on somatosensory attenuation by 474 different relationships (gains) between the forces participants pressed with their right index 475 finger and the forces they received on their left index finger, as long as this relationship were 476 stable (Bays and Wolpert, 2008) . This further corroborates the hypothesis that the 477 somatosensory feedback from the right index finger per se is not critical for somatosensory 478 attenuation on the left index finger in the bimanual force matching task. 479 480
It is interesting to consider the present results together with the findings that were recently 481 reported by Kilteni et al. (2018) on somatosensory attenuation during motor imagery. Motor 482 imagery corresponds to internally simulating movement without executing it, which involves 483 producing a central motor command and thus efference copy. In that study, Kilteni et al. 484 (2018) asked their participants to imagine pressing their right index finger against their left 485 index finger through a sensor while they simultaneously received a force on their left index 486
finger. The experimenters observed that when the tactile consequences of the imagined 487 movement matched the received touch in terms of space and time, the touch was attenuated to 488 the same extent as when the participants actually executed the movement. This result suggests 489 that the efference copy is sufficient for somatosensory attenuation when the sensory 490
